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Fatty acid oxidation (FAQ) is the emerging hallmark of cancer metabolism because certain tumor cells preferentially
utilize fatty acids for energy. Lymph node metastasis, the most common way of tumor metastasis, is much indispensa-
ble for grasping tumor progression, formulating therapy measure and evaluating tumor prognosis. There is a plethora
of studies showing different ways how tumor cells metastasize to the lymph nodes, but the role of FAO in lymph node
metastasis remains largely unknown. Here, we summarize recent findings and update the current understanding that
FAO may enable lymph node metastasis formation. Afterward, it will open innovative possibilities to present a distinct
therapy of targeting FAO, the metabolic rewiring of cancer to terminal cancer patients.
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Background

Metabolic reprogramming underwent by many types
of cancer as well as diverse types of immune and stro-
mal cells to fulfill the needs of uncontrolled growth
and metastatic progression, is now tightly identified
as a hallmark of cancer [1]. Normal cells mainly pro-
duce energy through oxidative phosphorylation, but
tumor cells obtain energy through glycolysis even under
normal oxygen concentration, which is a well-known
Warburg effect [2], the first adaptive event in tumor
metabolism. Since then, growing researches have been
done to understand metabolic reprogramming in can-
cer. In addition to the Warburg effect, cancer cells can
also rewire other metabolic ways, taking for example the
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upregulation of de novo lipid synthesis, fatty acid oxida-
tion (FAO), amino acid oxidation and glutaminolysis [3].
These alterations are essential for supporting cancer cells
growth and proliferation in unfavorable tumor micro-
environment (TME) or metastatic sites, thereby target-
ing metabolism considered as relevant cancer therapy
strategy. Accumulating evidence supports the presence
of dynamic changes in the metabolism of metastasizing
cells, contributing to their ability to successfully colo-
nize in the distant organs. Now, with a greater depth of
understanding FAOQ, it is well recognized that FAO plays
an important role in proliferation, survival, stemness,
drug resistance, and metastatic progression. Especially, it
is further heightened that during metastasis, cancer cells
are dependent on FAO in nutrient- and oxygen-depleted
environmental conditions [4].

Malignant tumor is the leading cause of mortality,
notably 90% of cancer patients dying of metastasis [5].
Lymph node metastasis (LNM), one of the most com-
mon ways of metastasis, is associated with progression,
poorer prognosis and therapeutic schedule in numerous
cancers, including breast [6], bladder [7] and gastric [8]
cancer. In addition, lymph nodes of metastatic cancer
are crucial sites for tumor-immune cells interaction and
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potential gateways for further dissemination of tumor
cells to other metastatic sites [9, 10]. As the lymph flows
into the systemic circulation through the thoracic duct or
lymphovascular shunts, LNM can be identified as a side
loop of the hematogenous metastasis circuit and interac-
tion of chemokines, such as CXCR3, CXCR4, and CCR7
[11].

It has been shown that lymph node is the lipid-rich
microenvironment where lymph node metastatic tumor
cells may preferentially use fatty acids as energy source
[12].A research in Science has discovered that FAO is the
emerging factor of LNM [12], indicating that a time for
the metabolic change enabling cancer cell to form LNM
is coming. There are numerous studies indicating dif-
ferent ways how tumor cells metastasize to the lymph
nodes, but the mechanism by which FAO contributes to
LNM remains unclear. Investigation on the relationship
between FAO and LNM can present an emerging picture
on how FAO support LNM formation in order to help
open innovative possibilities to treat cancer. Therefore, in
this review, we give the presentation about a significant
role which FAO plays in LNM and mechanism by which
FAO provides motivation for LNM.

Fatty acid B-oxidation, the major pathway of fatty
acid decomposition

Fatty acid B-oxidation, referred to as FAO, is the major
pathway of fatty acid decomposition and a multi-step
catabolic process, meaning that the fatty acid is con-
verted into acetyl-CoA which will be fully oxidized to
generate ATP to support living. Fatty acids transferred to
cells is the first step of FAO via fatty acid protein trans-
porters on the cell surface, e.g. fatty acid translocase
(FAT/CD36), tissue specific fatty acid transport proteins
(FATPs), and plasma membrane bound fatty acid binding
proteins (FABPs) [13]. Because FAO occurs in the mito-
chondrial matrix, the fatty acid molecule has to be acti-
vated to form acyl-CoA by acyl CoA synthetase before
entering into mitochondrion [14]. Long-chain acyl-CoA
requires a special transport mechanism to cross the outer
mitochondrial membrane. The process is that acyl-CoA
forms fatty acylcarnitine at the outer mitochondrial by
the action of carnitine palmitoyltransferase 1 (CPT1),
the rate-limiting step for mitochondrial -oxidation, and
this is then transported to the intramembrane space [15].
Then, the fatty acylcarnitine transported into the inner
mitochondrial membrane is through carnitine palmi-
toyltransferase 2 (CPT2) in order to release free carnitine
and acyl-CoA. Finally, under the action of many enzymes,
acyl-CoA is broken down to produce acetyl-CoA, FADH,
and NADH in the mitochondrial matrix. In cancer, FAO
can promote the production of ATP when required,
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inhibit pro-apoptotic pathways and provide metabolic
intermediates for cancer cell growth [16] (Fig. 1).

The most prominent transcriptional regulators of
FAO are peroxisome proliferator-activated receptors
(PPARs) of the ligand-activated nuclear receptor super-
family. There are three subtypes of the PPARs, PPARq,
PPARy and PPARS. PPARa has been shown to stimulate
CPT1A transcription in the liver by binding to the perox-
isome proliferator response element on the CPT1A gene
promoter. PPARS activation has been shown to increase
muscle FAO and to regulate several genes implicated
in fatty acid uptake and metabolism in rodent models
[17]. In addition, the FAO rate is tightly controlled by
the activity of AMP-activated protein kinases (AMPKs).
Activation of AMPK stimulates FAO primarily through
phosphorylation and inactivation of its downstream
target acetyl-CoA carboxylase (ACC) which possess
two isoforms, ACC1 and ACC2.

FAO promoting metastasis through substrates

for FAO, fatty acid protein transporters, and FAO
enzymes or their regulators

FAO has been shown to be pivotal to develop and main-
tain the malignant phenotype of cancer cells in unfa-
vorable TME. Either genetically or pharmacologically
inhibition of FAO reduces ATP supply and impairs cell
proliferation in prostate cancer [18], bladder cancer [19]
as well as diffuse large B-cell lymphoma [20] and malig-
nant glioma cell [21]. Then, FAO, one of the altered
tumor metabolism ways, has been further found to be
closely associated with successful metastatic coloniza-
tion. For example, the key FAO transcriptional regula-
tor, peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PPARGCI1A, also known as PGC-1a)
is highly expressed in triple negative breast cancer [22].
There is a research reporting that if breast tumor cells
highly express the aldo—keto reductase AKRIBIO, they
will increase the utilization of FAO in distant organ
compared with primary cancer [23]. It is notable that
AKRIBI10 expression in human breast cancers positively
correlated with PPARGCIA [23]. However, the molecular
mechanism of AKRIB10 promoting FAO in breast cancer
metastasis via PPARGCIA remains unclear.

Fatty acids are the basement of FAO, which are
important in building blocks of lipids in non-cancer
and cancer cells membranes [24] and can serve as
important signal molecules [25]. Acetate, a short-chain
fatty acid, induces cancer cell apoptosis in colorectal
cancer via mitochondrial changes, such as swelling and
increased ROS production [26, 27] but facilitates tumor
growth and metastasis in an acetyl-CoA synthetase
2- and hypoxia-inducible factor-2-dependent manner
during low oxygen states or hypoxia in vivo [28]. Oleic
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Fig. 1 FAO Basics. After entering into the cell via fatty acid protein transporters, fatty acids are activated to acyl-CoA. The carnitine carnitine
palmitoyltransferase system then transports acyl-CoA from cytoplasm into mitochondrial matrix for oxidation: CPT1 converts acyl-CoA into
acylcarnitines and CPT2 converts acylcarnitine back into acyl-CoA for oxidation

acid, a monounsaturated fatty acid, can protect tumor
cells from ferroptosis, an arduous challenge which hin-
ders circulating tumor cells (CTCs) from hosting to
distant organs by reducing the amount or the density
of polyunsaturated fatty acids available for oxidation in
membranes [29, 30]. This is why melanoma cells getting
oleic acid protection from lymph nodes are more resist-
ant to ferroptosis and easier to form distant metastasis
through blood [31]. Fatty acids are required for cancer
cells survival in the process of metastasis.

Fatty acid protein transporters are also associated
with metastasis. CD36, a cell surface protein taking
lipid up from the extracellular environment and mod-
ulating lipid metabolism, can be served as an effective
marker to activate FAO [32]. Overexpression of CD36
in oral squamous cell carcinomas can be used to sepa-
rate high metastasis-initiating potential tumor cells
from multiple cell lines and patient-derived cells greatly
increased their potential to metastasize to lymph
nodes [33]. Additionally, it has been proved that high
expression of FABP5 in positive connection with the
presence of LNM of cervical cancers [34] can induce
expression of matrix metalloproteinase-2 and matrix

metalloproteinase-9 [35]. Importantly, FABP5, as a
promising predictor of LNM, promotes metastasis by
reprogramming fatty acids metabolism in cervical can-
cers [36].

Besides, enzymes involved in FAO contribute to
metastasis. High expression of CPT1A in the models
of epithelial-derived high-grade serous ovarian can-
cer cell dissemination contributes to resisting anoikis,
a form of special apoptosis resulted from detachment
from extracellular matrix and a significant role in
metastasis [37]. Furthermore, anoikis drives a meta-
bolic reprogramming towards FAO to maintain cellular
energy demands [37] whereas glucose is used to keep
the balance of redox [38]. A research uncovered that
the expression of CPT1B up-regulated by phosphati-
dylinositol transfer protein, cytoplasmic 1 promotes
omental metastasis of gastric cancer through metabolic
rewiring—FAO [39].

The occurrence of FAO comprises a plurality of parts,
fatty acids, fatty acid protein transporters and enzymes.
If one of these is deficient, it will cause FAO disorders
to block energy supply. That is, cancer metastasis may
also be affected.
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FAO inducing epithelial to mesenchymal transition
Epithelial to mesenchymal transition (EMT) involving
stemness, invasion, migration, apoptotic resistance, and
metabolic reprogramming in cancers [40] is a reversible
cellular program that transiently places epithelial cells
into quasi-mesenchymal cell states [41]. EMT facilitates
local invasion of cancer cells into adjacent tissues, which
conduces to intravasation of cancer cells into blood or
lymphatic vessels, a critical process of LNM. CPT1A
overexpression promotes LNM via upregulating the
expression of Vimentin, Snail and decreasing E-cadherin
in gastric cancer, those markers of EMT [42]. Elevated
the mitochondrial ROS level induced by FAO activates
the p38 mitogen-activated protein kinase (MAPK) sign-
aling pathway, resulting in the EMT of ROS-high tumor
spheres cells, thereby potentiating caner invasion and
metastasis in vitro [43]. EMT transcription factor Snail
suppressing ACC2 leads to an increase in mitochondrial
FAO, which allows pro-survival of breast cancer cells
[44]. Importantly, combinatorial pharmacologic inhibi-
tion of pentose phosphate pathway and FAO with clini-
cally available drugs efficiently reverts Snail-mediated
metabolic reprogramming and suppresses metastatic
progression of breast cancer cells [44]. It is reported that
transcriptionally up-regulating TGF-P1 expression, giv-
ing rise to activating TGF-p1/Smad signaling to boost
EMT can contribute to breast cancer invasion to lymph
nodes [45], which increases FAO and OXPHOS activ-
ity via the p-AMPK pathway [46]. FAO induction in
colon cancer cells by co-cultivation with adipocytes is
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connected with induction of EMT owing to decreased
expression of E-cadherin and increased expression of
Vimentin [47]. In prostate cancer (PCa), FABP12-PPARYy
pathway activation has a novel role in metastasis through
induction of EMT and lipid bioenergetics—the ATP pro-
duction from FAO [48] (Fig. 2).

YAP needed in FAO of LNM

A number of studies have shown that the abnormal
regulation of the Hippo pathway will lead to the occur-
rence of cancer, so the key proteins of the Hippo path-
way are expected to become therapeutic targets. YAP
is a potent oncogene whose abnormal regulation can
cause tumorigenesis. By using comparative transcrip-
tomics and metabolomics analyses, a research in Science
revealed that LNM requires tumor cells to undergo a
metabolic shift toward FAO [12]. LN-metastatic tumors
accumulate bile acids identified as potential molecular
triggers to activate YAP mainly via vitamin D receptor,
leading to FAO activation and successful adaptation to
the LN microenvironment [12]. The FAO inhibitor eto-
moxir or depletion of YAP reduces LN metastasis in the
melanoma mouse model, without affecting the growth
of the primary tumor or the size of the LN, compared
with untreated melanoma-bearing mice. However, the
mechanisms by which YAP regulates FAO and by which
FAO enables tumor growth in this context are unclear.
Recently, it has been indicated that metabolic cues of
lipids regulate YAP/TAZ activity [49]. Long-chain acyl-
CoA dehydrogenase (ACADL) is a mitochondrial enzyme
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Fig. 2 FAO and EMT. Some markers of EMT, such as Vimentin, Snail and E-cadherin are regulated by FAO. Vimentin and Snail are upregulated but
E-cadherin is decreased, which display a start of cancer invasion. FAO is enhanced via the p-AMPK pathway owing to TGF-B1 expression activating
TGF-B1/Smad signaling to boost EMT
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that is responsible for catalyzing the initial step for the
[-oxidation of long-chain fatty acyl-CoAs. ACADL plays
a tumor-suppressor role by inhibiting YAP activation in
hepatocellular carcinoma, which is independent of its
function in FAO [50]. Fatty acids identified as the sub-
strate of FAO have a role in regulating YAP/TAZ, such as
unsaturated fatty acids and palmitic acids. Palmitic acid
induces expression of the Hippo pathway kinase MST1
and YAP phosphorylation, therefore inhibiting nuclear
YAP and its function [51]. However, it is still unclear how
YAP activation confers FAQO, so further research will be
needed.

FAO associated with lymph node pre-metastatic
niche

In 1989, Paget et al. [52] proposed the concept of “seed
and soil’; describing that specific tumor cells (seeds) are
more likely to transfer to specific organs (soil), and only
when the soil is suitable for seeds will they grow and
disseminate successfully. In 2005, Professor Kaplan first
formulated the hypothesis of pre-metastatic niche, hold-
ing that a large number of cells induced by tumor cells
and tumor-derived molecules enter the organ to be
transferred before tumor cells, preparing soil for tumor
transfer and indicating the direction of chemotaxis of
tumor seeds into the organ [53]. The formation of lymph
node pre-metastatic niche that is ready for metasta-
sis is characterized by lymphangiogenesis, the recruit-
ment of immunosuppressive cells, the up-regulation of
chemokines and cytokines as well as vascular remodeling
[54].

Lymphangiogenesis
LNM is obviously connected with lymphangiogenesis—
the formation of lymphatic vessels [55]. Primary tumors
may motivate lymphangiogenesis to arrange for LNM and
excess lymphangiogenesis favors metastasis and inflam-
mation [56, 57]. A research revealed that a high density
of tumor-associated macrophages (TAMs) significantly
associated with pathologically positive lymph nodes may
induce lymphangiogenesis and prepare an environment
that facilitates cancer proliferation in LNs [58].
Lymphangiogenesis is a result of proliferation and dif-
ferentiation of lymphatic endothelial cells which are
differentiated from vein endothelial cells. This differentia-
tion process is mainly achieved by direct binding of tran-
scription factor PROX1 and induction of transcriptional
expression of a variety of lymphatic genes [59]. However,
a research in 2017 indicated that FAO is a metabolic
regulator in lymphangiogenesis [60]. A study testified
that FAO promotes nucleotide synthesis for supporting
DNA replication as well as mediates epigenetic changes
of histone acetylation, contributing to transcription of
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key lymphatic genes, and thereby furthering venous-to-
lymphatic endothelial cell differentiation [61]. CPT1A, a
rate-controlling enzyme in FAO, is indispensable for lym-
phangiogenesis. Wong et al. [60] unveiled that genetic
and biochemical disruption of CPT1A function sup-
presses lymphangiogenesis. Although pharmacological
blockade of CPT1 inhibits injury-induced lymphangi-
ogenesis, lowering FAO seems to achieve complete inhi-
bition of pathological lymphangiogenesis in cancer [62].
And it has been verified that lymphangiogenesis defects
caused by FAO inhibition can be offset by acetate sup-
plementation [60]. Acetyl-CoA generated by FAO sub-
sequently enters into the Krebs cycle and nucleotide
synthesis for proliferation important for epigenetic regu-
lation associated with lymphangiogenesis [63]. Acetyla-
tion reactions of histone H3 at lysine 9 by p300 can use
acetyl-CoA to regulate protein function [64], and acetyla-
tion of histones is of particular importance for epigenetic
regulation of gene expression associated with lymphangi-
ogenesis [63]. And FAO-derived acetyl-CoA supports
PROX1-induced vascular endothelial growth factor
receptor 3 (VEGFR3) expression which promotes lym-
phangiogenesis [60]. Shang and colleagues indicated that
lymphangiogenesis is promoted by FABP5-mediated fatty
acid metabolism in lymph node pre-metastatic niche
through LNMICC (IncRNA associated with LNM in cer-
vical cancer) [65].

The recruitment of immunosuppressive cells
Some regulatory or immunosuppressive cells, such as
regulatory CD4" T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), TAMs, and tolerogenic dendritic
cells (DCs) within the pre-metastatic niche potentially
suppress anti-tumor immune responses. Evidence sug-
gests that pre-metastatic niches provide microenviron-
ment critical for cancer cell recruitment and survival to
facilitate metastasis in non-small cell lung cancer [66],
cutaneous squamous cell carcinoma [67] and breast
cancer [68]. In line with this, the formation of advanced
micro-metastasis also implies the formation of an immu-
nosuppressive microenvironment in lymph nodes [69].
Cancer-associated immune cells make their meta-
bolic pathways reprogrammed, which may contribute
to immune suppression and tumor-promoting micro-
environment [3]. T cells and effector T (T, cells have
been clearly shown to rely on glycolysis [70]. However,
investigators have also revealed that when being at a dis-
advantage in the process of competing for glucose with
tumor cells [71], T g cells change their metabolic mode
into fatty acids energy supply via activation by STAT3
regulation, inhibiting anti-tumor response in obesity-
promoted breast tumor [72, 73]. On the other hand, the
energy metabolic switch of CD8" T memory (T,,,,) cell

mem:
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can be orchestrated into FAO via tumor necrosis factor
receptor-associated factor 6 to promote memory cell
generation and protective immunity, which is differ-
ent from the way that T cells use glucose as their main
energy source [74]. In addition, the activation of FAO
regulated by IL-15 promotes the development and main-
tenance of T, cells [75]. A latest paper revealed that
tissue-resident T, cells infiltrated in the tumor micro-
environment of gastric adenocarcinoma rely on FAO for
cell survival [76]. Genetic and inhibitor data supported
that germinal center B cells oxidize fatty acids to supply
energy while conducting minimal glycolysis [77].

Foxp3 in Tregs may increase the protein level of acetyl
CoA synthetase and CPT1A, which gives an excellent
explanation that Tregs take in increasing fatty acids [78].
Investigation on PD-1 ligation found that PD-1 alters
metabolic reprogramming of activated T cells which are
unable to engage in glycolysis but are active and have
an increased rate of FAO, thus influencing effector cells
development [79]. The enhancement of FAO also can be
detected in pre-activated CD4" T cells accounting for
the regulation of PD-1 blocking PI3K/Akt and MEK/Erk
pathways which regulate glycolysis [79]. Blockade of FAO
enhances antitumor immunity and improves the effi-
cacy of anti-PD-1 inhibitors [80]. A study indicated that
hypoxia-inducible factor 1a (HIF-1a), a metabolic switch,
directs glucose away from mitochondria and leaves Tregs
dependent on fatty acids for mitochondrial oxidation in
glioblastoma, thereby enhancing Tregs immunosuppres-
sive capabilities [81]. Michalek and his colleagues pro-
posed that FAO inhibition also decreases Tregs function
[82].

In contrast to glycolysis in M1 macrophages [83], FAO
in M2 macrophages dominate [84, 85]. FAO plays a great
role in not only M2 macrophages polarization [86], but
also in IL-1p secretion of M2 macrophage, thus pro-
moting tumor metastasis [87]. Macrophages without
CPT2 have no ability to achieve FAO yet still seemed to
fully polarize toward an M2 state after stimulation with
IL-4, but treatment with etomoxir, an inhibitor of CPT1,
potently blocks the M2 polarization of wild-type mac-
rophages [88]. A significant body of researchers have
been focused on the pharmacologic activity of etomoxir.
But there are two key findings showing that etomoxir
induces CPT1A-independent off-target effects in M2
macrophages and Tregs [89, 90]. Furthermore, by using
genetic depletion of CPT1A, the Luciana Berod lab nicely
demonstrated that CPT1A and FAO are not required for
Tregs differentiation and function [90], which is quite
amazing discovery.

It has been documented that MDSC regulated by peri-
ostin accumulates to develop immunosuppressive func-
tion during the early stage of breast tumor metastasis
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[68]. The energy metabolism pathway of MDSC is to acti-
vate FAQ, so FAO inhibition blocks the immunosuppres-
sive function of MDSC, thus allowing T cells to kill tumor
cell [91]. Besides, there is an increase in fatty acids uptake
and expression of FAO-related enzymes which can be
found in human MDSC in peripheral blood and tumors
[91]. It is revealed that myeloid cells undergo metabolic
rewiring from glycolysis to FAO, a process that is accom-
panied by the stimulation of the immunosuppressive
mechanisms, namely an increased production of arginase
I, an increased expression of NOS2 and an increased pro-
duction of ONOO—, which lead to enhancing the ability
to suppress T cells response [92].

An important discovery showed that metabolic path-
ways modulate immunogenicity of murine DCs [93].
Through analyzing the underlying metabolic activity of
DCs from immunogenic to tolerogenic stage, tolerogenic
DCs, in contrast to mature DCs, display a significantly
increased catabolic pathway related to FAO [94]. Inhi-
bition of FAO restrains the function of tolerogenic DCs
and partially restores T cells’ stimulatory capacity, dem-
onstrating their dependence on this pathway [94].

The up-regulation of chemokines and cytokines

In pathological conditions including cancer, not only
lymphatic vessels but lymph nodes engage in disease pro-
gression and undergo remodeling in response to growth
factors, chemokines and other signaling molecules
secreted by tumor cells or other cells in pre-metastatic
niches [62], including TGF-f, epidermal growth fac-
tor, vascular endothelial growth factor-C (VEGF-C) and
CCR?7 signaling and CCL1/CCRS8. Recently, studies have
shown that various chemokines and cytokines secreted
by stromal cells and immune cells in pre-metastatic
niches are associated with FAO. It has been shown that
TGE-p is of importance in pelvic LNM in early-stage cer-
vical cancer [95] and is a driver of apoptosis of DCs lead-
ing to fewer DCs in pre-metastatic lymph nodes than that
of no metastasis in non-small cell lung cancer [96]. In
gastric cancer, TGF-B1 secretion by mesenchymal stem
cells augments the activation level of SMAD2/3 through
TGE-B receptors, which then enhances expression of
long non-coding RNA MACC1-AS1 and promotes FAO-
dependent stemness and chemoresistance through antag-
onizing miR-145-5p [97]. And it has been manifested that
VEGE-C regulated by CCL2 contributes to lymphangi-
ogenesis and LNM in bladder cancer [98]. PROX1-
dependent regulation of VEGFR3 expression is conducive
to lymphatic differentiation in LECs modulated by FAO
[60]. A lymphatic-specific deletion of CPT1A results in
defective lymphatic vessels formation and function [60],
which displays restraint of forming LNM. Upregula-
tion of epidermal growth factor in melanoma cells can
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mediate lymph node micrometastasis via lymphangio-
genesis [99]. Erlotinib, an epidermal growth factor recep-
tor inhibitor, is used for cancer therapy indicating FAO
diminished [100]. In addition, the CCR7 signaling and
CCL1/CCR8 are two of signaling pathways for breast
cancer, melanoma and esophageal cancers to colonize in
lymph nodes [101]. However, there is no publications on
the role of CCR7 signaling and CCL1/CCRS signaling in
FAO.

Vascular remodeling

Vascular remodeling means tumor cell-induced micro-
vascular growth and the establishment of blood circula-
tion in TME. The pre-metastatic niches may increase
angiogenesis and vascular permeability to promote
metastasis. Extensive pre-metastatic vascular remod-
eling in lymph nodes draining nasopharyngeal and breast
tumors has been reported [102, 103]. IL-17A stimulates
angiogenesis by enhancing FAO through AMP-acti-
vated protein kinase (AMPK) signaling pathway [104].
Antiangiogenic drug-induced tumor hypoxia increases
uptake of free fatty acids and initiates FAO metabolic
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reprogramming stimulating cancer cell proliferation
[105]. Inhibition of CPT1significantly lowers free fatty
acid-induced cell proliferation [105] (Fig. 3).

FAO involved in maturation of lymph node niche

CTCs extravasated from vasculature and lymph vessels
may enter the primary tumor-educated lymph node pre-
metastatic niche, resulting in initiation of metastasis and
attracting tumor cells colonization into the niche. Ele-
vated HIF-1 promotes extravasation and chemotaxis of
tumor cells by mediating hypoxia-induced proangiogenic
factors such as VEGF and platelet-derived growth factor
(PDGF) [106]. Evidence demonstrates that HIF-1-medi-
ated suppression of FAO is beneficial for cancer progres-
sion via reducing ROS production, enhancing glycolysis
and activating pro-survival cancer signaling in liver can-
cer [107]. Once DTCs successfully survive in the lymph
nodes, a series of changes in the lymph node microen-
vironment-lymphangiogenesis [108], increased expres-
sion of immunosuppressive cytokines [109] and augment
of immunosuppressive cells will be further induced,
which means lymph node pre-metastatic niches turn

Lymph Node Pre-metastatic Niche

=

@ cancer cell fatty acid 4 MDSC * TAM

Fig. 3 Induction and formation of LNM by FAQ. FAQ is implicated in multiple aspects of tumorigenesis including cancer cell growth, survival,
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drug resistance, and metastasis. Once migration into circulation system, the first challenge for the survival of cancer cells is to restrain apoptosis
and cancer cells utilize fatty acids to fuel the growth. Then, FAO in tumor-associated immune cells and endothelial cells is also reprogrammed
to contribute to immune suppression and the formation of tumor-promoting microenvironment. Lymph nodes are induced by cancer cells to
establish pre-metastatic niches where FAO is involved in lymphangiogenesis, the recruitment of immunosuppressive cells, the up-regulation of
chemokines and cytokines as well as vascular remodeling, indicating that FAO may play roles in formation of lymph node pre-metastatic niches.
Once cancer cells colonize within lymph nodes, LNM is formed successfully
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into maturation—metastasis formation. CTCs originated
from primary tumor may extravasate from the circula-
tion where most of CTCs are killed into lymph node pre-
metastatic niches where they may develop resistance to
most of treatments and stay quiescent until factors pro-
mote their growth into a metastatic lesion [110] which is
called as micrometastasis. Then, this niche can host more
migrated tumor cells and directly promote metastatic
tumor cells to grow, expand, and progress at the niche,
leading to macrometastasis [111].

FAO leading to resistance of radiotherapy

and chemotherapy

The omentum is rich in lipid where adipocytes pro-
vide fatty acids by FABP4 transportation to oxidize in
order to support ovarian cancer metastasis, so identify-
ing lipid metabolism and transport as new targets for
the treatment of cancer where adipocytes are a major
component of the microenvironment [112]. Similarly,
lymph node is also the lipid-rich microenvironment, so
targeting FAO may be the promising therapy for cancers
to avoid LNM. Now there are some medicines in clini-
cal application which can target FAO to ameliorate sta-
tus of cancer therapy (Table 1). At present, postoperative
chemoradiotherapy for cancer patients with LNM is the
routine treatment clinically. Resistance to radiotherapy

Table 1 Overview of FAO roles in cancer therapy
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and chemotherapy poses a major challenge in cancer
metastasis treatment. Accumulating studies showed that
FAO activation is an important mechanism employed
by cancer cells to develop drug resistance. For exam-
ple, several up-to-date studies demonstrated that rela-
tive inhibitors can regulate FAO of tumor cells to inhibit
metastasis and improve the sensitivity of chemotherapy
(CT) and radiotherapy (RT) in triple-negative breast
cancer (TNBC) and nasopharyngeal carcinoma [113]. In
TNBC, a synthesized flavonoid derivative GL-V9 exhibits
a potent inhibitory effect on the anchorage independent
growth in vitro and anti-metastasis effect in vivo through
decreasing G6PD and increasing p-ACC, that is, the
level of glycolysis is suppressed, whereas FAO is highly
enhanced [38]. Blocking FAO via FAO inhibitor or by
CRISPR-mediated CPT1A/CPT2 gene deficiency inhib-
ited radiation-induced ERK activation and aggressive
growth and radioresistance of radioresistant breast can-
cer cells and radiation-derived breast cancer stem cells
[114]. Upregulation of CPT1A promotes radiation resist-
ance of nasopharyngeal carcinoma [115]. Targeting PPAR
coactivator-la (PGCla), an important transcriptional co-
activator in control of fatty acid metabolism [113] could
sensitize nasopharyngeal carcinoma cells to radiotherapy,
and targeting FAO in nasopharyngeal carcinoma with
high expression of PGCla might improve the therapeutic

FAO targeting drug Clinical application Cancer type Mechanism of action References
Metformin Medicine for type 2 diabetes Breast cancer Inhibiting FAO at clinical doses 17
Etomoxir Retired from phase Il clinical trial for ~ Bladder cancer Suppressing tumor progression [118]
diabetes and heart failures and inducing cell cycle arrest via
PPARy-mediated pathway
Malignant glioma Targeting FAO to reduce energy [119]
production and cellular prolifera-
tion in glioma cells
Leukemia Decreasing leukemia cells prolifera-  [120]
tion and sensitizing leukemia cells
to apoptosis induced by ABT-737
and Nutlin 3a
Peritoneal metastatic colorectal can-  Inhibiting cancer-associated fibro- [121]
cer blast FAO to decline colorectal
cancer metastasis
Epithelial-derived high-grade serous  Targeting FAO to promote anoikis [37]
ovarian cancer and inhibit ovarian cancer progres-
sion
Nasopharyngeal carcinoma Targeting FAO to sensitize cancerto  [115]
radiation therapy
Ranolazine Medicine for angina pectoris in Leukemia Decreasing leukemia cells prolifera- ~ [120]
Europe and United States tion and sensitizing leukemia cells
to apoptosis induced by ABT-737
and Nutlin 3a
Perhexiline Medicine for angina pectoris in Leukemia Targeting CPT to eliminate chronic ~ [122]

Australia and Asia

lymphocytic leukemia cells in
stromal microenvironment
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efficacy of radiotherapy [113]. Etomoxir, an irrevers-
ible inhibitor of CPT1, is used to block FAO, markedly
improving the therapeutic effect of mice with lymph
node metastatic melanoma [12] and increasing sensitivity
of human metastatic breast carcinoma, colon carcinoma,
leukemia and hepatocellular carcinoma to chemotherapy
[116]. FAO inhibitor attenuates mesenchymal stem cell-
induced FOLFOX regiment resistance in vivo [97]. These
results indicate that FAO inhibitors in combination with
chemotherapeutic drugs present as a promising strategy
to overcome chemoresistance [97].

Conclusions

Recent progress highlights that FAO can act not only as a
great force to fuel tumor growth under metabolic stress,
but as an accelerator to help CTCs settle in lymph nodes,
and discusses biological mechanisms of FAO in the for-
mation of LNM. However, we still lack a systematic
framework of the whole process of FAO driving CTCs to
encroach on lymph nodes. Theoretically, these following
unresolved issues seem worthy of further exploration:

FAO and CTCs invasion

The roles of FAO in EMT, a priming process leading to
metastasis of epithelium-derived carcinomas has been
shown. Then, CTCs will face a series of challenges during
the process, including attacked by immune cells, more
energy supply and metabolic toxic substance. Therefore,
FAO might be a preferred fuel choice for CTCs to over-
come deficiency of energy undergoing metastatic pro-
gression. Although CTCs prefer to settle in the lipid-rich
environment, the relationship between CTCs and FAO
will be needed to explain.

FAO and lymph node pre-metastatic niche

Formation of lymph node pre-metastatic niches can be
perceived as a complex process including lymphangi-
ogenesis, the recruitment of immunosuppressive cells,
the up-regulation of chemokines and cytokines as well
as vascular remodeling, all of which are dispensable
and work together. Most of the present data shows that
FAO can regulate any component of lymph node pre-
metastatic niches. However, what has been stated above
is circumstantial evidence. Therefore, direct evidence
is required to elucidate whether FAO is involved in for-
mation of lymph node pre-metastatic niches. And how
much role does FAO play in pre-metastatic niche and its
metastasis promoting function?

FAO and establishment of immunosuppression

The activation of FAO pathway in immunosuppressive
cells may be potential mechanism to induce immune
tolerance and hence promote metastasis formation.
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However, what are the molecular mechanisms underlying
the ability of immunosuppressive cells to rapidly switch
their metabolic and functional profile?

Therapeutic implications and FAO

It has been realized over the past few decades that FAO
fortifying the CT and RT resistance attenuates effec-
tiveness of cancer therapy, which worsens conditions of
cancer patients, so it is likely that agents that target FAO
will need to be combined with chemotherapies or with
radiotherapies. Clearly, further knowledge of the depend-
ence of cancer cells in LNM on FAO will be important to
refine rational approaches to combination therapies.

Abbreviations

FAO: Fatty acid oxidation; TME: Tumor microenvironment; LNM: Lymph node
metastasis; FATP: Fatty acid transport protein; FABP: Fatty acid binding protein;
CPT1: Carnitine palmitoyltransferase 1; CPT2: Carnitine palmitoyltransferase

2; PPARs: Peroxisome proliferator-activated receptors; ACC: Acetyl-CoA
carboxylase; AMPKs: AMP-activated protein kinases; CTCs: Circulating tumor
cells; EMT: Epithelial-mesenchymal transition; YAP: YES-associated protein; TAZ:
Transcriptional coactivator with PDZ-binding motif; ACADL: Long-chain acyl-
CoA dehydrogenase; DTCs: Disseminated tumor cells; TAMs: Tumor-associated
macrophages; Tregs: Requlatory CD4™ T cells; MDSCs: Myeloid-derived sup-
pressor cells; DCs: Dendritic cells; HIF-1a: Hypoxia-inducible factor 1a; VEGFR3:
Vascular endothelial growth factor receptor 3; PDGF: Platelet-derived growth
factor; CT: Chemotherapy; RT: Radiotherapy; TNBC: Triple-negative breast
cancer; PGCla: PPAR coactivator-1a.

Acknowledgements

This work was supported by the National Key R&D Program of China (No.
2019YFA09005700), by National Natural Science Foundation of China grants
(Nos. 82073000 and 81972542), National Science Foundation of Sichuan
Province (No. 2020JDRC0018 and 2020YFS0171), Clinical Project of West China
College of Stomatoloy, Sichuan University (LCYJ2019-8) and Exploration and
research projects of West China College of Stomatoloy, Sichuan University
(LCYJ2020-YJ-1).

Authors’ contributions

ML: writing—original draft, writing—review & editing, conceptualization. HX:
writing—review & editing. YT: conceptualization, project administration, fund-
ing acquisition. XL: conceptualization, supervision. YT: Conceptualization. All
authors read and approved the final manuscript.

Funding

This work was supported by the National Key R&D Program of China (No.
2019YFA09005700), by National Natural Science Foundation of China grants
(Nos. 82073000 and 81972542), National Science Foundation of Sichuan
Province (No. 2020JDRC0018 and 2020YFS0171), Clinical Project of West China
College of Stomatoloy, Sichuan University (LCYJ2019-8) and Exploration and
research projects of West China College of Stomatoloy, Sichuan University
(LCYJ2020-YJ-1).

Availability of data and materials
All available.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors give consent to publication.



Li et al. Cancer Cell Int

(2021) 21:339

Competing interests
The authors report no conflict of interest.

Received: 29 March 2021 Accepted: 27 June 2021
Published online: 03 July 2021

References

1.

2.

20.

21.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144(5):646-74.

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype
in cancer pathogenesis. Nat Rev Cancer. 2007;7(10):763-77.

MaY, Temkin SM, Hawkridge AM, Guo C, Wang W, Wang XY, Fang X.
Fatty acid oxidation: an emerging facet of metabolic transformation in
cancer. Cancer Lett. 2018;435:92-100.

Kamphorst JJ, Cross JR, Fan J, de Stanchina E, Mathew R, White EP,
Thompson CB, Rabinowitz JD. Hypoxic and Ras-transformed cells sup-
port growth by scavenging unsaturated fatty acids from lysophospho-
lipids. Proc Natl Acad Sci U S A. 2013;110(22):8882-7.

Sporn MB. The war on cancer. Lancet (London, England).
1996,347(9012):1377-81.

Simons JM, van Nijnatten TJA, van der Pol CC, Luiten EJT, Koppert LB,
Smidt ML. Diagnostic accuracy of different surgical procedures for
axillary staging after neoadjuvant systemic therapy in node-positive
breast cancer: a systematic review and meta-analysis. Ann Surg.
2019;269(3):432-42.

Pedrosa JA, Koch MO, Cheng L. Lymph node-positive bladder cancer:
surgical, pathologic, molecular and prognostic aspects. Expert Rev
Anticancer Ther. 2013;13(11):1281-95.

Yamashita K, Hosoda K, Ema A, Watanabe M. Lymph node ratio as a
novel and simple prognostic factor in advanced gastric cancer. Eur J
Surg Oncol. 2016;42(9):1253-60.

Naxerova K, Reiter JG, Brachtel E, Lennerz JK, van de Wetering M,
Rowan A, CaiT, Clevers H, Swanton C, Nowak MA, et al. Origins of
lymphatic and distant metastases in human colorectal cancer. Science.
2017,357(6346):55-60.

Starz H, Balda BR, Kramer KU, Buichels H, Wang H. A micromorphometry-
based concept for routine classification of sentinel lymph node metas-
tases and its clinical relevance for patients with melanoma. Cancer.
2001;91(11):2110-21.

Kawada K, Taketo MM. significance and mechanism of lymph node
metastasis in cancer progression. Cancer Res. 2011;71:1214-8.

Lee C-K, Jeong S-H, Jang C, Bae H, Kim YH, Park I, Kim SK, Koh GY. Tumor
metastasis to lymph nodes requires YAP-dependent metabolic adapta-
tion. Science. 2019;363:644-9.

Lopaschuk GD, Ussher JR, Folmes CD, Jaswal JS, Stanley WC. Myo-
cardial fatty acid metabolism in health and disease. Physiol Rev.
2010;90(1):207-58.

Eaton S. Control of mitochondrial beta-oxidation flux. Prog Lipid Res.
2002;41(3):197-239.

Rinaldo P, Matern D, Bennett MJ. Fatty acid oxidation disorders. Annu
Rev Physiol. 2002;64:477-502.

Carracedo A, Cantley LC, Pandolfi PP. Cancer metabolism: fatty acid
oxidation in the limelight. Nat Rev Cancer. 2013;13(4):227-32.
Ehrenborg E, Krook A. Regulation of skeletal muscle physiology and
metabolism by peroxisome proliferator-activated receptor delta. Phar-
macol Rev. 2009;61(3):373-93.

Liu Y. Fatty acid oxidation is a dominant bioenergetic pathway in pros-
tate cancer. Prostate Cancer Prostatic Dis. 2006;9(3):230-4.

Cheng S, Wang G, Wang Y, Cai L, Qian K, Ju L, Liu X, Xiao Y, Wang X. Fatty
acid oxidation inhibitor etomoxir suppresses tumor progression and
induces cell cycle arrest via PPARgamma-mediated pathway in bladder
cancer. Clin Sci (Lond). 2019;133(15):1745-58.

Caro P, Kishan AU, Norberg E, Stanley IA, Chapuy B, Ficarro SB, Polak

K, Tondera D, Gounarides J, Yin H, et al. Metabolic signatures uncover
distinct targets in molecular subsets of diffuse large B cell lymphoma.
Cancer Cell. 2012;22(4):547-60.

Duman C, Yaqubi K, Hoffmann A, Acikg6z AA, Korshunov A, Bendszus
M, Herold-Mende C, Liu HK, Alfonso J. Acyl-CoA-binding protein drives

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Page 10 of 13

glioblastoma tumorigenesis by sustaining fatty acid oxidation. Cell
Metab. 2019;30(2):274-289.e275.

Camarda R, Zhou AY, Kohnz RA, Balakrishnan S, Mahieu C, Anderton

B, Eyob H, Kajimura S, Tward A, Krings G, et al. Inhibition of fatty acid
oxidation as a therapy for MYC-overexpressing triple-negative breast
cancer. Nat Med. 2016;22(4):427-32.

van Weverwijk A, Koundouros N, Iravani M, Ashenden M, Gao Q, Poulo-
giannis G, Jungwirth U, Isacke CM. Metabolic adaptability in metastatic
breast cancer by AKR1B10-dependent balancing of glycolysis and fatty
acid oxidation. Nat Commun. 2019;10(1):2698.

Peck B, Schulze A. Lipid desaturation - the next step in targeting lipo-
genesis in cancer? FEBS J. 2016;283(15):2767-78.

Lorendeau D, Christen S, Rinaldi G, Fendt SM. Metabolic control

of signalling pathways and metabolic auto-regulation. Biol Cell.
2015;107(8):251-72.

Hinnebusch BF, Meng S, Wu JT, Archer SY, Hodin RA. The effects of
short-chain fatty acids on human colon cancer cell phenotype are
associated with histone hyperacetylation. J Nutr. 2002;132(5):1012-7.
Lan A, Lagadic-Gossmann D, Lemaire C, Brenner C, Jan G. Acidic extra-
cellular pH shifts colorectal cancer cell death from apoptosis to necrosis
upon exposure to propionate and acetate, major end-products of the
human probiotic propionibacteria. Apoptosis. 2007;12(3):573-91.
Chen R, Xu M, Nagati JS, Hogg RT, Das A, Gerard RD, Garcia JA. The
acetate/ACSS2 switch regulates HIF-2 stress signaling in the tumor cell
microenvironment. PLoS ONE. 2015;10(2):e0116515.

Magtanong L, Ko PJ, To M, Cao JY, Forcina GC, Tarangelo A, Ward

CC, Cho K, Patti GJ, Nomura DK, et al. Exogenous monounsaturated
fatty acids promote a ferroptosis-resistant cell state. Cell Chem Biol.
2019;26(3):420-432.e429.

Spitz DR, Kinter MT, Kehrer JP, Roberts RJ. The effect of monosaturated
and polyunsaturated fatty acids on oxygen toxicity in cultured cells.
Pediatr Res. 1992;32(3):366-72.

Ubellacker JM, Tasdogan A, Ramesh V, Shen B, Mitchell EC, Martin-
Sandoval MS, Gu Z, McCormick ML, Durham AB, Spitz DR, et al. Lymph
protects metastasizing melanoma cells from ferroptosis. Nature.
2020;585:113-8.

Shi'Y, Burn P. Lipid metabolic enzymes: emerging drug targets for the
treatment of obesity. Nat Rev Drug Discov. 2004;3(8):695-710.

Pascual G, Avgustinova A, Mejetta S, Martin M, Castellanos A, Attolini
CS, Berenguer A, Prats N, Toll A, Hueto JA, et al. Targeting metas-
tasis-initiating cells through the fatty acid receptor CD36. Nature.
2017,541(7635):41-5.

Wang W, Jia HL, Huang JM, Liang YC, Tan H, Geng HZ, Guo LY,

Yao SZ. Identification of biomarkers for lymph node metastasis in
early-stage cervical cancer by tissue-based proteomics. Br J Cancer.
2014,110(7):1748-58.

Wang W, Chu HJ, Liang YC, Huang JM, Shang CL, Tan H, Liu D, Zhao
YH, LiuTY, Yao SZ. FABPS correlates with poor prognosis and promotes
tumor cell growth and metastasis in cervical cancer. Tumour Biol.
2016;37(11):14873-83.

Zhang C, LiaoY, Liu P, Du Q, Liang Y, Ooi S, Qin S, He S, Yao S, Wang W.
FABP5 promotes lymph node metastasis in cervical cancer by repro-
gramming fatty acid metabolism. Theranostics. 2020;10(15):6561-80.
Sawyer BT, Qamar L, Yamamoto TM, McMellen A, Watson ZL, Richer JK,
Behbakht K, Schlaepfer IR, Bitler BG. Targeting fatty acid oxidation to
promote anoikis and inhibit ovarian cancer progression. Mol Cancer
Res. 2020;18(7):1088-98.

Yang L, He Z,Yao J,Tan R, Zhu 'Y, Li Z, Guo Q, Wei L. Regulation of AMPK-
related glycolipid metabolism imbalances redox homeostasis and
inhibits anchorage independent growth in human breast cancer cells.
Redox Biol. 2018;17:180-91.

TanY, Lin K, Zhao Y, Wu Q, Chen D, Wang J, Liang Y, Li J, Hu J, Wang

H, et al. Adipocytes fuel gastric cancer omental metastasis via
PITPNC1-mediated fatty acid metabolic reprogramming. Theranostics.
2018;8(19):5452-68.

Lunetti P Di Giacomo M, Vergara D, De Domenico S, Maffia M, Zara

V, Capobianco L, Ferramosca A. Metabolic reprogramming in breast
cancer results in distinct mitochondrial bioenergetics between luminal
and basal subtypes. FEBS J. 2019;286(4):688-709.

Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT: 2016. Cell.
2016;166(1):21-45.



Li et al. Cancer Cell Int

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2021) 21:339

Wang L, Li C, Song Y, Yan Z. Inhibition of carnitine palmitoy! transferase
1A-induced fatty acid oxidation suppresses cell progression in gastric
cancer. Arch Biochem Biophys. 2020,696:108664.

Wang C, Shao L, Pan C, Ye J, Ding Z, Wu J, Du Q, Ren Y, Zhu C. Elevated
level of mitochondrial reactive oxygen species via fatty acid -oxidation
in cancer stem cells promotes cancer metastasis by inducing epithelial-
mesenchymal transition. Stem Cell Res Ther. 2019;10(1):175.

Yang JH, Kim NH, Yun JS, Cho ES, Cha YH, Cho SB, Lee SH, Cha SY, Kim
SY, Choi J, et al. Snail augments fatty acid oxidation by suppression of
mitochondrial ACC2 during cancer progression. Life Sci Alliance. 2020.
https://doi.org/10.26508/15a.202000683.

Zeng K, He B, Yang BB, Xu T, Chen X, Xu M, Liu X, Sun H, Pan Y, Wang S.
The pro-metastasis effect of circANKS1B in breast cancer. Mol Cancer.
2018;17(1):160.

Liu QQ, Huo HY, Ao S, LiuT, Yang L, Fei ZY, Zhang ZQ, Ding L, Cui QH,
Lin J, et al. TGF-B1-induced epithelial-mesenchymal transition increases
fatty acid oxidation and OXPHOS activity via the p-AMPK pathway in
breast cancer cells. Oncol Rep. 2020;44(3):1206-15.

Wen YA, Xing X, Harris JW, Zaytseva YY, Mitov MI, Napier DL, Weiss HL,
Mark Evers B, Gao T. Adipocytes activate mitochondrial fatty acid oxida-
tion and autophagy to promote tumor growth in colon cancer. Cell
Death Dis. 2017;8(2):22593.

Liu RZ, Choi WS, Jain S, Dinakaran D, Xu X, Han WH, Yang XH, Glubrecht
DD, Moore RB, Lemieux H, et al. The FABP12/PPARy pathway promotes
metastatic transformation by inducing epithelial-to-mesenchymal
transition and lipid-derived energy production in prostate cancer cells.
Mol Oncol. 2020;14(12):3100-20.

Koo JH, Guan KL. Interplay between YAP/TAZ and Metabolism. Cell
Metab. 2018;28(2):196-206.

Zhao X, Qin W, Jiang Y, Yang Z, Yuan B, Dai R, Shen H, Chen'Y, Fu J, Wang
H. ACADL plays a tumor-suppressor role by targeting Hippo/YAP signal-
ing in hepatocellular carcinoma. NPJ Precis Oncol. 2020;4:7.

Yuan L, Mao'Y, Luo W, Wu W, Xu H, Wang XL, Shen YH. Palmitic acid
dysregulates the Hippo-YAP pathway and inhibits angiogenesis

by inducing mitochondrial damage and activating the cytosolic

DNA sensor cGAS-STING-IRF3 signaling mechanism. J Biol Chem.
2017;292(36):15002-15.

Paget S: The distribution of secondary growths in cancer of the breast.
1889. Cancer Metastasis Rev 1989, 8(2):98-101.

Kaplan RN, Psaila B, Lyden D. Bone marrow cells in the “pre-met-

astatic niche”: within bone and beyond. Cancer Metastasis Rev.
2006;25(4):521-9.

Sleeman JP. The lymph node pre-metastatic niche. J Mol Med (Berl).
2015;93(11):1173-84.

Yonemura Y, Endo Y, Tabata K, Kawamura T, Yun HY, Bandou E, SasakiT,
Miura M. Role of VEGF-C and VEGF-D in lymphangiogenesis in gastric
cancer. Int J Clin Oncol. 2005;10(5):318-27.

Christiansen A, Detmar M. Lymphangiogenesis and cancer. Genes
Cancer. 2011;2(12):1146-58.

Kim H, Kataru RP, Koh GY. Regulation and implications of inflammatory
lymphangiogenesis. Trends Immunol. 2012;33(7):350-6.

Go Y, Tanaka H, Tokumoto M, Sakurai K, Toyokawa T, Kubo N, Muguruma
K, Maeda K, Ohira M, Hirakawa K. Tumor-associated macrophages
extend along lymphatic flow in the pre-metastatic lymph nodes of
human gastric cancer. Ann Surg Oncol. 2016;23(Suppl 2):5230-235.
Petrova TV, Makinen T, Mékeld TP, Saarela J, Virtanen |, Ferrell RE, Fine-
gold DN, Kerjaschki D, Yla-Herttuala S, Alitalo K. Lymphatic endothelial
reprogramming of vascular endothelial cells by the Prox-1 homeobox
transcription factor. EMBO J. 2002;21(17):4593-9.

Wong BW, Wang X, Zecchin A, Thienpont B, Cornelissen |, Kalucka

J, Garcia-Caballero M, Missiaen R, Huang H, Bruning U, et al. The

role of fatty acid beta-oxidation in lymphangiogenesis. Nature.
2017;542(7639):49-54.

Teuwen LA, GeldhofV, Carmeliet P. How glucose, glutamine and fatty
acid metabolism shape blood and lymph vessel development. Dev Biol.
2019;447(1):90-102.

Stacker SA, Williams SP, Karnezis T, Shayan R, Fox SB, Achen MG. Lym-
phangiogenesis and lymphatic vessel remodelling in cancer. Nat Rev
Cancer. 2014;14(3):159-72.

Kinnaird A, Zhao S, Wellen KE, Michelakis ED. Metabolic control of
epigenetics in cancer. Nat Rev Cancer. 2016;16(11):694-707.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 11 of 13

Henry RA, Kuo YM, Andrews AJ. Differences in specificity and selectivity
between CBP and p300 acetylation of histone H3 and H3/H4. Biochem-
istry. 2013;52(34):5746-59.

Shang C, Wang W, Liao Y, ChenY, Liu T, Du Q, Huang J, Liang Y, Liu J,
Zhao'Y, et al. LNMICC promotes nodal metastasis of cervical cancer by
reprogramming fatty acid metabolism. Cancer Res. 2018;78(4):877-90.
Zhang W, Pal SK, Liu X, Yang C, Allahabadi S, Bhanji S, Figlin RA, Yu H,
Reckamp KL. Myeloid clusters are associated with a pro-metastatic envi-
ronment and poor prognosis in smoking-related early stage non-small
cell lung cancer. PLoS ONE. 2013;8(5):e65121.

Lai C, August S, Behar R, Polak M, Ardern-Jones M, Theaker J, Al-Sham-
khani A, Healy E. Characteristics of immunosuppressive regulatory T
cells in cutaneous squamous cell carcinomas and role in metastasis.
Lancet (London, England). 2015;385(Suppl 1):559.

Wang Z, Xiong S, Mao Y, Chen M, Ma X, Zhou X, Ma Z, Liu F, Huang Z,
Luo Q et al. Periostin promotes immunosuppressive premetastatic
niche formation to facilitate breast tumour metastasis. J Pathol.
2016;239(4):484-95.

Cochran AJ, Huang RR, Lee J, Itakura E, Leong SP, Essner R. Tumour-
induced immune modulation of sentinel lymph nodes. Nat Rev Immu-
nol. 2006;6(9):659-70.

Chang CH, Curtis JD, Maggi LB Jr, Faubert B, Villarino AV, O'Sullivan

D, Huang SC, van der Windt GJ, Blagih J, Qiu J, et al. Posttranscrip-
tional control of T cell effector function by aerobic glycolysis. Cell.
2013;153(6):1239-51.

Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, Chen Q,
Gindin M, Gubin MM, van der Windt GJ, et al. Metabolic competition

in the tumor microenvironment is a driver of cancer progression. Cell.
2015;162(6):1229-41.

Zhang C, Yue C, Herrmann A, Song J, Egelston C, Wang T, Zhang Z, LiW,
Lee H, Aftabizadeh M, et al. STAT3 activation-induced fatty acid oxida-
tion in CD8(+) T effector cells is critical for obesity-promoted breast
tumor growth. Cell Metab. 2020;31(1):148-161.e145.

Zhang Y, Kurupati R, Liu L, Zhou XY, Zhang G, Hudaihed A, Filisio F, Giles-
Davis W, Xu X, Karakousis GC, et al. Enhancing CD8(+) T cell fatty acid
catabolism within a metabolically challenging tumor microenviron-
ment increases the efficacy of melanoma immunotherapy. Cancer Cell.
2017,32(3):377-391.e379.

Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, Jones

RG, Choi Y. Enhancing CD8 T-cell memory by modulating fatty acid
metabolism. Nature. 2009;460(7251):103-7.

van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel

E, Pearce EJ, Pearce EL. Mitochondrial respiratory capacity is a

critical regulator of CD8+ T cell memory development. Immunity.
2012;36(1):68-78.

Lin R, Zhang H, Yuan Y, He Q, Zhou J, Li S, Sun Y, Li DY, Qiu HB, Wang

W, et al. Fatty acid oxidation controls CD8(+) tissue-resident memory
T-cell survival in gastric adenocarcinoma. Cancer Immunol Res.
2020;8(4):479-92.

Weisel FJ, Mullett SJ, Elsner RA, Menk AV, Trivedi N, Luo W, Wiken-

heiser D, Hawse WF, Chikina M, Smita S, et al. Germinal center B cells
selectively oxidize fatty acids for energy while conducting minimal
glycolysis. Nat Immunol. 2020;21(3):331-42.

Howie D, Cobbold SP, Adams E, Ten Bokum A, Necula AS, Zhang W,
Huang H, Roberts DJ, Thomas B, Hester SS, et al. Foxp3 drives oxida-
tive phosphorylation and protection from lipotoxicity. JCI Insight.
2017;2(3):289160.

Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, Karoly ED,
Freeman GJ, Petkova V, Seth P, et al. PD-1 alters T-cell metabolic repro-
gramming by inhibiting glycolysis and promoting lipolysis and fatty
acid oxidation. Nat Commun. 2015;6:6692.

Zhao F, Xiao C, Evans KS, Theivanthiran T, DeVito N, Holtzhausen A, Liu
J, Liu X, Boczkowski D, Nair S, et al. Paracrine Wnt5a-B-catenin signaling
triggers a metabolic program that drives dendritic cell tolerization.
Immunity. 2018;48(1):147-160.e147.

Miska J, Lee-Chang C, Rashidi A, Muroski ME, Chang AL, Lopez-Rosas
A, Zhang P, Panek WK, Cordero A, Han Y, et al. HIF-1a Is a metabolic
switch between glycolytic-driven migration and oxidative phospho-
rylation-driven immunosuppression of tregs in glioblastoma. Cell Rep.
2019,27(1):226-237.e224.


https://doi.org/10.26508/lsa.202000683

Li et al. Cancer Cell Int

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

99.

(2021) 21:339

Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, Maclver NJ, Mason
EF, Sullivan SA, Nichols AG, Rathmell JC. Cutting edge: distinct glycolytic
and lipid oxidative metabolic programs are essential for effector and
regulatory CD4+ T cell subsets. J Immunol (Baltimore, Md: 1950).
2011;186(6):3299-303.

Rodriguez-Prados JC, Través PG, Cuenca J, Rico D, Aragonés J, Martin-
Sanz P, Cascante M, Bosca L. Substrate fate in activated macrophages:

a comparison between innate, classic, and alternative activation. J
Immunol (Baltimore, Md: 1950). 2010;185(1):605-14.

Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and
quiescence. Immunity. 2013;38(4):633-43.

Gordon S, Martinez FO. Alternative activation of macrophages: mecha-
nism and functions. Immunity. 2010;32(5):593-604.

Namgaladze D, Briine B. Fatty acid oxidation is dispensable for human
macrophage IL-4-induced polarization. Biochem Biophys Acta.
2014;1841(9):1329-35.

Zhang Q, Wang H, Mao C, Sun M, Dominah G, Chen L, Zhuang Z. Fatty
acid oxidation contributes to IL-1beta secretion in M2 macrophages
and promotes macrophage-mediated tumor cell migration. Mol Immu-
nol. 2018;94:27-35.

Nomura M, Liu J, Rovira Il, Gonzalez-Hurtado E, Lee J, Wolfgang MJ,
Finkel T. Fatty acid oxidation in macrophage polarization. Nat Immunol.
2016;17(3):216-7.

Divakaruni AS, Hsieh WY, Minarrieta L, Duong TN, Kim KKO, Desousa

BR, Andreyev AY, Bowman CE, Caradonna K, Dranka BP, et al. Etomoxir
inhibits macrophage polarization by disrupting CoA homeostasis. Cell
Metab. 2018;28(3):490-503.497.

Raud B, Roy DG, Divakaruni AS, Tarasenko TN, Franke R, Ma EH, Sambor-
ska B, Hsieh WY, Wong AH, Stlve P, et al. Etomoxir actions on regulatory
and memory T cells are independent of Cpt1a-mediated fatty acid
oxidation. Cell Metab. 2018;28(3):504-515.e507.

Hossain F, Al-Khami AA, Wyczechowska D, Hernandez C, Zheng L, Reiss
K, Valle LD, Trillo-Tinoco J, Maj T, Zou W, et al. Inhibition of fatty acid
oxidation modulates immunosuppressive functions of myeloid-derived
suppressor cells and enhances cancer therapies. Cancer Immunol Res.
2015;3(11):1236-47.

Al-Khami AA, Rodriguez PC, Ochoa AC. Metabolic reprogramming of
myeloid-derived suppressor cells (MDSC) in cancer. Oncoimmunology.
2016;5(8):21200771.

Everts B, Amiel E, van der Windt GJ, Freitas TC, Chott R, Yarasheski KE,
Pearce EL, Pearce EJ. Commitment to glycolysis sustains survival of NO-
producing inflammatory dendritic cells. Blood. 2012;120(7):1422-31.
Malinarich F, Duan K, Hamid RA, Bijin A, Lin WX, Poidinger M, Fairhurst
AM, Connolly JE. High mitochondrial respiration and glycolytic capacity
represent a metabolic phenotype of human tolerogenic dendritic cells.
JImmunol (Baltimore, Md: 1950). 2015;194(11):5174-86.

Noordhuis MG, Fehrmann RS, Wisman GB, Nijhuis ER, van Zanden JJ,
Moerland PD, Ver Loren Themaat E, Volders HH, Kok M, ten Hoor KA,

et al. Involvement of the TGF-beta and beta-catenin pathways in pelvic
lymph node metastasis in early-stage cervical cancer. Clin Cancer Res.
2011;17(6):1317-30.

Itakura E, Huang RR, Wen DR, Paul E, Wiinsch PH, Cochran AJ. IL-10
expression by primary tumor cells correlates with melanoma progres-
sion from radial to vertical growth phase and development of meta-
static competence. Mod Pathol. 2011;24(6):801-9.

He W, Liang B, Wang C, Li S, Zhao Y, Huang Q, Liu Z, Yao Z, Wu Q, Liao
W, et al. MSC-regulated INcRNA MACC1-AST promotes stemness and
chemoresistance through fatty acid oxidation in gastric cancer. Onco-
gene. 2019;38(23):4637-54.

Chen C, He W, Huang J, Wang B, Li H, Cai Q, Su F, Bi J, Liu H, Zhang

B, et al. LNMAT1 promotes lymphatic metastasis of bladder can-

cer via CCL2 dependent macrophage recruitment. Nat Commun.
2018;9(1):3826.

Bracher A, Cardona AS, Tauber S, Fink AM, Steiner A, Pehamberger H,
Niederleithner H, Petzelbauer P, Groger M, Loewe R. Epidermal growth
factor facilitates melanoma lymph node metastasis by influencing
tumor lymphangiogenesis. J Invest Dermatol. 2013;133(1):230-8.
Stuhlmiller TJ, Zawistowski JS, Chen X, Sciaky N, Angus SP, Hicks ST,
Parry TL, Huang W, Beak JY, Willis MS, et al. Kinome and transcriptome
profiling reveal broad and distinct activities of erlotinib, sunitinib,

and sorafenib in the mouse heart and suggest cardiotoxicity from

102.

103.

104.

105.

108.

109.

110.

1.

112.

113.

114.

116.

117.

118.

119.

Page 12 of 13

combined signal transducer and activator of transcription and
epidermal growth factor receptor inhibition. J Am Heart Assoc.
2017;6(10):006635.

Das S, Sarrou E, Podgrabinska S, Cassella M, Mungamuri SK, Feirt N,
Gordon R, Nagi CS, Wang Y, Entenberg D, et al. Tumor cell entry into

the lymph node is controlled by CCL1 chemokine expressed by lymph
node lymphatic sinuses. J Exp Med. 2013;210(8):1509-28.

Qian CN, Berghuis B, Tsarfaty G, Bruch M, Kort EJ, Ditlev J, Tsarfaty I, Hud-
son E, Jackson DG, Petillo D, et al. Preparing the “soil”: the primary tumor
induces vasculature reorganization in the sentinel lymph node before
the arrival of metastatic cancer cells. Cancer Res. 2006;66(21):10365-76.
Farnsworth RH, Karnezis T, Shayan R, Matsumoto M, Nowell CJ, Achen
MG, Stacker SA. A role for bone morphogenetic protein-4 in lymph
node vascular remodeling and primary tumor growth. Cancer Res.
2011,71(20):6547-57.

Wang R, Lou X, Feng G, Chen J, Zhu L, Liu X, Yao X, Li P Wan J, Zhang

Y, et al. IL-17A-stimulated endothelial fatty acid 3-oxidation promotes
tumor angiogenesis. Life Sci. 2019;229:46-56.

Iwamoto H, Abe M, Yang Y, Cui D, Seki T, Nakamura M, Hosaka K, Lim S,
Wu J, He X, et al. Cancer lipid metabolism confers antiangiogenic drug
resistance. Cell Metab. 2018;28(1):104-117.e105.

Unwith S, Zhao H, Hennah L, Ma D. The potential role of HIF on tumour
progression and dissemination. Int J Cancer. 2015;136(11):2491-503.
Huang D, LiT, Li X, Zhang L, Sun L, He X, Zhong X, Jia D, Song L,
Semenza GL, et al. HIF-1-mediated suppression of acyl-CoA dehydroge-
nases and fatty acid oxidation is critical for cancer progression. Cell Rep.
2014;8(6):1930-42.

Hirakawa S, Brown LF, Kodama S, Paavonen K, Alitalo K, Detmar M.
VEGF-C-induced lymphangiogenesis in sentinel lymph nodes promotes
tumor metastasis to distant sites. Blood. 2007;109(3):1010-7.

Lee JH, Torisu-Itakara H, Cochran AJ, Kadison A, Huynh'Y, Morton DL,
Essner R. Quantitative analysis of melanoma-induced cytokine-medi-
ated immunosuppression in melanoma sentinel nodes. Clin Cancer Res.
2005;11(1):107-12.

Massague J, Obenauf AC. Metastatic colonization by circulating tumour
cells. Nature. 2016;529(7586):298-306.

LiuY, Cao X. Characteristics and significance of the pre-metastatic
niche. Cancer Cell. 2016;30(5):668-81.

Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt
MR, Romero IL, Carey MS, Mills GB, Hotamisligil GS, et al. Adipocytes
promote ovarian cancer metastasis and provide energy for rapid tumor
growth. Nat Med. 2011;17(11):1498-503.

Du Q,Tan Z, ShiF, Tang M, Xie L, Zhao L, Li Y, Hu J, Zhou M, Bode A, et al.
PGC1alpha/CEBPB/CPT1A axis promotes radiation resistance of naso-
pharyngeal carcinoma through activating fatty acid oxidation. Cancer
Sci. 2019;110(6):2050-62.

Han S, Wei R, Zhang X, Jiang N, Fan M, Huang JH, Xie B, Zhang L, Miao
W, Butler AC, et al. CPT1A/2-mediated FAO enhancement-A metabolic
target in radioresistant breast cancer. Front Oncol. 2019;9:1201.

Tan Z, Xiao L, Tang M, Bai F, Li J, Li L, Shi F, Li N, Li Y, Du Q et al. Targeting
CPT1A-mediated fatty acid oxidation sensitizes nasopharyngeal carci-
noma to radiation therapy. Theranostics. 2018;8(9):2329-47.

Chen CL, Uthaya Kumar DB, PunjV, Xu J, Sher L, Tahara SM, Hess S,
Machida K. NANOG metabolically reprograms tumor-initiating stem-like
cells through tumorigenic changes in oxidative phosphorylation and
fatty acid metabolism. Cell Metab. 2016;23(1):206-19.

Lord SR, Collins JM, Cheng WC, Haider S, Wigfield S, Gaude E, Fielding
BA, Pinnick KE, Harjes U, Segaran A, et al. Transcriptomic analysis of
human primary breast cancer identifies fatty acid oxidation as a target
for metformin. Br J Cancer. 2020;122(2):258-65.

Cheng S, Wang G, Wang Y, Cai L, Qian K, Ju L, Liu X, Xiao Y, Wang X. Fatty
acid oxidation inhibitor etomoxir suppresses tumor progression and
induces cell cycle arrest via PPARy-mediated pathway in bladder cancer.
Clin Sci (Lond). 2019;133(15):1745-58.

Lin H, Patel S, Affleck VS, Wilson |, Turnbull DM, Joshi AR, Maxwell R, Stoll
EA. Fatty acid oxidation is required for the respiration and proliferation
of malignant glioma cells. Neuro Oncol. 2017;19(1):43-54.

Samudio |, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin B,
Kaluarachchi K, Bornmann W, Duvvuri S, Taegtmeyer H, et al. Pharmaco-
logic inhibition of fatty acid oxidation sensitizes human leukemia cells
to apoptosis induction. J Clin Invest. 2010;120(1):142-56.



Lietal. Cancer CellInt ~ (2021) 21:339 Page 13 of 13

121. Peng S, Chen D, CaiJ, Yuan Z, Huang B, Li Y, Wang H, Luo Q Kuang Y, Publisher’s Note
Liang W, et al. Enhancing cancer-associated fibroblast fatty acid catabo-  Springer Nature remains neutral with regard to jurisdictional claims in pub-
lism within a metabolically challenging tumor microenvironment drives lished maps and institutional affiliations.

colon cancer peritoneal metastasis. Mol Oncol. 2021;15(5):1391-411.
122, Pacilli A, Calienni M, Margarucci S, D'’Apolito M, Petillo O, Rocchi

L, Pasquinelli G, Nicolai R, Koverech A, Calvani M, et al. Carnitine-

acyltransferase system inhibition, cancer cell death, and prevention of

myc-induced lymphomagenesis. J Natl Cancer Inst. 2013;105(7):489-98.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Fatty acid oxidation: driver of lymph node metastasis
	Abstract 
	Background
	Fatty acid β-oxidation, the major pathway of fatty acid decomposition
	FAO promoting metastasis through substrates for FAO, fatty acid protein transporters, and FAO enzymes or their regulators
	FAO inducing epithelial to mesenchymal transition
	YAP needed in FAO of LNM
	FAO associated with lymph node pre-metastatic niche
	Lymphangiogenesis
	The recruitment of immunosuppressive cells
	The up-regulation of chemokines and cytokines
	Vascular remodeling

	FAO involved in maturation of lymph node niche
	FAO leading to resistance of radiotherapy and chemotherapy
	Conclusions
	FAO and CTCs invasion
	FAO and lymph node pre-metastatic niche
	FAO and establishment of immunosuppression
	Therapeutic implications and FAO

	Acknowledgements
	References




